Topoisomerase IV, one of the best-established antibacterial targets, is an enzyme crucial for chromosome segregation and cell division by catalyzing changes in DNA topology through breaking and rejoining DNA. This enzyme functions as a heterotetramer consisting of two ParC and two ParE subunits. Aminocoumarin class inhibitors target the ParE subunit, while widely used quinolones target the ParC subunit. Here, we determined the crystal structure of the ParE 43 kDa ATPase domain from Xanthomonas oryzae pv. oryzae. Size exclusion chromatography showed that the ParE ATPase domain exists as a monomer in solution, while it dimerizes when ATP is added. Structural comparison with the structure of Escherichia coli ParE in complex with an ATP analogue showed large conformational change of the subdomains within the protein. We also determined the structure of the ParE ATPase domain in complex with novobiocin, a natural product aminocoumarin class inhibitor, revealing its binding mode and the structural change within the ATP-binding site induced by novobiocin binding. These results could provide a basis for the design of more potent topoisomerase IV inhibitors with improved antibacterial activity.
Introduction
Bacterial type II topoisomerases change the topological state of DNA for the initiation of DNA replication and decatenation of daughter chromosomal DNA at the end of replication [1] [2] [3] [4] . Bacteria express two highly similar type II topoisomerases, topoisomaerase IV and DNA gyrase. These enzymes introduce a transient break into one DNA segment (G segment) and pass another DNA segment (T segment) through the break, which is then resealed [5, 6] . Topoisomerase IV is a heterotetramer consisting of two ParC and two ParE subunits. The corresponding DNA gyrase subunits are named GyrA and GyrB [7] . They utilize the energy of ATP hydrolysis for their catalytic activity [8, 9] . The transported T-segment DNA is trapped by ATP-dependent dimerization of the ATPase domains of ParE or GyrB before being presented to the cleavage site of the G-segment DNA [10] [11] [12] . In topoisomerase IV, the 43 kDa N-terminal domain of ParE is the ATPase domain for the capture of T segment and the C-terminal domain is involved in the interaction with ParC subunit and the G segment [7] . The ParC subunit is composed of the N-terminal domain for the breakage and reunion of the G-segment DNA, the gate for the passing of T segment, and the C-terminal domain for DNA binding [7] .
Several sites on bacterial type II topoisomerases have been identified as the targeting sites of natural products and synthetic inhibitors [13] [14] [15] . Clinically important fluoroquinolones antibiotics, such as ciprofloxacin, stabilize a covalent ParC/GyrA-DNA complex, thereby interfering with DNA 2 of 9 resealing at the DNA cleavage gate [16] . Aminocoumarin antibiotics, such as novobiocin, target the ATP-binding site of ParE/GyrB [17] .
To date, several structures of ParE protein have been reported. The structure of Escherichia coli ParE 43 kDa ATPase domain in complex with an ATP analogue showed the dimerization mode of this protein, and its complex structure with novobiocin also revealed the binding mode underlying its antibacterial potency [18] . The crystal structure of ParE from Francisella tularensis subsp. holarctica elucidated its monomeric state without ATP, while the structure of Staphylococcus aureus ParE showed that it can exist as a dimer even in the absence of ATP [19, 20] . The structure of Streptococcus. pneumoniae ParE in complex with ADPNP and a DNA duplex revealed how the T-segment DNA is captured and transported by a type II topoisomerase [21] .
Xanthomonas oryzae pv. oryzae (Xoo) is a Gram-negative rod-shaped bacterium that causes bacterial blight rice, which is one of the most problematic diseases in rice-growing countries [22] . Although bacterial blight is the most important rice disease from an economic point of view, there is currently no effective antibacterial agent against Xoo. Here, the crystal structure of the 43 kDa ATPase domain of Xoo ParE was presented, demonstrating its structural differences from other ParE proteins. We also determined the co-crystal structure of the protein in complex with novobiocin to understand its binding mode and inhibition mechanism. These structures can provide an insight for the mechanism of ParE dimerization and information for discovery of an effective pesticide against bacterial blight.
Materials and Methods

Cloning and Protein Preparation
The cloning, expression, and purification of the 43 kDa ATPase domain of Xoo ParE have been reported earlier [23] . Briefly, the gene encoding the ATPase domain (residues 45-433) of the ParE subunit was amplified from bacterial cells of X. oryzae pv. oryzae KACC10331 strain and then subcloned into pET-15b vector (Novagen, Madison, WI, USA). The protein was overexpressed with an N-terminal 6His-tag in E. coli BL21 (DE3) cells, grown in LB medium, and induced by adding 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at 18 • C for 16 h. The cells were disrupted by sonication in lysis buffer (20 mM Tris pH 8.0, 100 mM NaCl and 20 mM imidazole). The supernatant was then loaded onto an Ni-chelated HisTrap FF crude column (GE Healthcare, Chicago, IL, USA), and the bound protein was eluted with elution buffer (20 mM Tris pH 8.0, 100 mM NaCl and 400 mM imidazole). The protein was subsequently loaded onto a HiTrap Q HP column (GE Healthcare, Chicago, IL, USA) and eluted with a linear gradient to a buffer containing 20 mM Tris pH 8.0 and 1.0 M NaCl. The eluted protein was further purified by gel filtration chromatography using a HiTrap 26/60 Sephacryl S-200 HR column (GE Healthcare, Chicago, IL, USA) which had been pre-equilibrated with buffer containing 20 mM Tris pH 8.0 and 100 mM NaCl.
Crystallization, Data Collection, and Structure Determination
Purified protein was concentrated to 25.0 mg/ml by centrifugal ultrafiltration (Amicon) in 20 mM Tris and 100 mM NaCl. Crystals were obtained by the hanging-drop vapor diffusion method at 293 K by mixing 1 µL protein solution with 1 µL reservoir solution. The reservoir solution for apo-crystal contained 0.1 M Na HEPES pH 7.6, 2% PEG 400 and 1.8 M ammonium sulfate. Xoo ParE-novobiocin complex crystals were grown with 0.1 M Na HEPES pH 7.6, 2% PEG 400 and 2.0 M ammonium sulfate after 1 h incubation with 3 mM novobiocin. Both the apo and novobiocin complex crystals appeared in a week. Crystals were cryoprotected by brief immersion in a reservoir solution, supplemented with 20% glycerol, flash frozen in liquid nitrogen. X-ray diffraction data of the apo and complex crystals were collected to 2.20 Å and 2.30 Å resolution, respectively, on beamline 5C at Pohang Light Source (PLS), South Korea. Data were processed with HKL2000 (HKL research Inc., Charlottesville, VA, USA) [24] , and an initial molecular replacement (MR) model of the apo structure was obtained using Phase in the CCP4 package with the crystal structure of E. coli ParE (PDB code 1s16) as a search Crystals 2019, 9, 577 3 of 9 model [25] . Due to the conformational variability of ParE ATPase domain, domain 1 (residues 1 to 217) and domain 2 (residues 218 to 390) were separated when used as search models. The MR solution model was refined with Refmac [26] , and manual model building was performed using the COOT program [27] . In both the apo and novobiocin complex structures, several residues in the N-terminal region (residues 45-59), domain 1 region (residues 138-154), and C-terminal region (residues 423-433) were not observed. The data collection and refinement statistics are summarized in Table 1 . The coordinate and structure factors for the apo and novobiocin complex have been deposited in Protein Data Bank (http://www.rcsb.org) under accession codes 3LNU and 3LPS, respectively. 
Analytical Gel Filtration
The purified apo protein was analyzed using a Superdex 200 Increase 10/300 GL column (GE Healthcare Life Sciences, Chicago, IL, USA) in a buffer containing 20 mM Tris pH 8.0 and 100 mM NaCl with or without 1 mM ATP and 5 mM MgCl 2 . The novobiocin complex was analyzed in a buffer containing 20 mM Tris pH 8.0, 100 mM NaCl, and 100 µM novobiocin after incubation for 1 h.
Results
Overall Structure of Apo Form
The Apo structure of Xoo ParE 43 kD ATPase domain (residues 45-433) was determined and refined to 2.20 Å resolution with R/R free = 0.236/0.257 ( Table 1) . As with the structures of ParE from other bacteria, Xoo ParE ATPase domain has two distinct domains: Domain 1 (residues 45-261) comprising five α-helices and an eight-stranded β-sheet, and domain 2 (residues 262-433) comprising a four-stranded β-sheet supported by three α-helices in its core and a C-terminal α-helix ( Figure 1A ). The asymmetric unit contains one molecule and crystal packing interaction does not reflect any dimeric interface of ParE shown from the structures of other bacterial ParE proteins. Size exclusion chromatography experiment showed that addition of ATP and magnesium ion into the Xoo ParE ATPase domain causes a peak shift of the protein, implying that apo Xoo ParE exist as a monomer in the absence of ATP and ATP binding would induce any conformational changes within Xoo ParE for dimerization ( Figure 1B ). The Apo structure of Xoo ParE 43 kD ATPase domain (residues 45-433) was determined and refined to 2.20 Å resolution with R/Rfree = 0.236/0.257 ( Table 1) . As with the structures of ParE from other bacteria, Xoo ParE ATPase domain has two distinct domains: domain 1 (residues 45-261) comprising five α-helices and an eight-stranded β-sheet, and domain 2 (residues 262-433) comprising a four-stranded β-sheet supported by three α-helices in its core and a C-terminal α-helix ( Figure 1a ). The asymmetric unit contains one molecule and crystal packing interaction does not reflect any dimeric interface of ParE shown from the structures of other bacterial ParE proteins. Size exclusion chromatography experiment showed that addition of ATP and magnesium ion into the Xoo ParE ATPase domain causes a peak shift of the protein, implying that apo Xoo ParE exist as a monomer in the absence of ATP and ATP binding would induce any conformational changes within Xoo ParE for dimerization ( Figure 1b ). 
Structural Comparison of Xoo ParE and Other ParE Proteins
In the crystal structure of E. coli ParE in complex with ADPNP, the dimer is stabilized by an Nterminal region (residues 1 to 15) that wraps around the other protomer of the dimer through the interaction of the conserved tyrosine residue (Y5 in E. coli ParE and Y49 in Xoo ParE) with the bound ADPNP [18] . In the apo structure of Xoo ParE, the N-terminal region (residues 45 to 59) is not shown due to the absence of an ATP analogue; therefore, it cannot contribute to ParE dimerization. Domain 2 of E. coli ParE is also involved in the dimeric interface through the interaction between the Cterminal α-helices, although the contacts are less extensive. However, domain 2 of Xoo ParE displays greater openness than in the E. coli ParE (Figure 2a ). In the crystal structure of S. pneumoniae ParE in complex with ADPNP and a DNA duplex, the dimeric structure of ParE is similar to that of E. coli ParE and the DNA duplex penetrates through the hole formed by domain 2 of the dimer, implying ATP binding induces not only dimerization of ParE, but also conformational rearrangement within ParE for the capture of the T-segment DNA (Figure 2b ) [21] . Interestingly, the structure of S. aureus ParE is a dimeric form even in the absence of ATP or any ATP analogue ( Figure 2c ) [19] . However, the relative orientation between domain 1 and domain 2 in the structure is markedly different from those of E. coli or S. pneumoniae ParE in complex with ADPNP, and is rather similar to that of Xoo ParE. The exceptionally long C-terminal α-helix of S. aureus ParE may enable the unique dimerization with the greater openness of the T-segment binding hole, suggesting the dimeric form is much less stable than the one with ATP. The apo structure of F. tularensis ParE is a monomeric form and similar to Xoo ParE structure (Figure 2d ) [20] . The lengths of the C-terminal α-helices of both F. tularensis ParE and Xoo ParE are probably not enough to induce dimerization in the absence of ATP. 
In the crystal structure of E. coli ParE in complex with ADPNP, the dimer is stabilized by an N-terminal region (residues 1 to 15) that wraps around the other protomer of the dimer through the interaction of the conserved tyrosine residue (Y5 in E. coli ParE and Y49 in Xoo ParE) with the bound ADPNP [18] . In the apo structure of Xoo ParE, the N-terminal region (residues 45 to 59) is not shown due to the absence of an ATP analogue; therefore, it cannot contribute to ParE dimerization. Domain 2 of E. coli ParE is also involved in the dimeric interface through the interaction between the C-terminal α-helices, although the contacts are less extensive. However, domain 2 of Xoo ParE displays greater openness than in the E. coli ParE (Figure 2A ). In the crystal structure of S. pneumoniae ParE in complex with ADPNP and a DNA duplex, the dimeric structure of ParE is similar to that of E. coli ParE and the DNA duplex penetrates through the hole formed by domain 2 of the dimer, implying ATP binding induces not only dimerization of ParE, but also conformational rearrangement within ParE for the capture of the T-segment DNA ( Figure 2B ) [21] . Interestingly, the structure of S. aureus ParE is a dimeric form even in the absence of ATP or any ATP analogue ( Figure 2C ) [19] . However, the relative orientation between domain 1 and domain 2 in the structure is markedly different from those of E. coli or S. pneumoniae ParE in complex with ADPNP, and is rather similar to that of Xoo ParE. The exceptionally long C-terminal α-helix of S. aureus ParE may enable the unique dimerization with the greater openness of the T-segment binding hole, suggesting the dimeric form is much less stable than the one with ATP. The apo structure of F. tularensis ParE is a monomeric form and similar to Xoo ParE structure ( Figure 2D ) [20] . The lengths of the C-terminal α-helices of both F. tularensis ParE and Xoo ParE are probably not enough to induce dimerization in the absence of ATP. 
Structure of Xoo ParE in Complex with Novobiocin
The structure of Xoo ParE 43 kD ATPase domain in complex with novobiocin was determined and refined to 2.30 Å resolution with R/Rfree = 0.228/0.253 (Table 1) . Superimposing ParE in the ParEnovobiocin complex with its apo form yielded an rms deviation of 0.19 Å for all Cα atoms and indicated no significant overall structural changes. As expected, size exclusion chromatography showed that the Xoo ParE-novobiocin complex behaves like a monomer as the apo form of Xoo ParE, implying the binding of novobiocin does not induce any conformational change for dimerization. The novobiocin-binding site is located in domain 1 and can be divided into two distinct sites ( Figure  3 ). The lower binding site partially overlaps with the ATP-binding site, where the noviose moiety of novobiocin occupies the same site occupied by the adenine moiety of ATP. The upper binding site 
The structure of Xoo ParE 43 kD ATPase domain in complex with novobiocin was determined and refined to 2.30 Å resolution with R/R free = 0.228/0.253 (Table 1) . Superimposing ParE in the ParE-novobiocin complex with its apo form yielded an rms deviation of 0.19 Å for all Cα atoms and indicated no significant overall structural changes. As expected, size exclusion chromatography showed that the Xoo ParE-novobiocin complex behaves like a monomer as the apo form of Xoo ParE, implying the binding of novobiocin does not induce any conformational change for dimerization. The novobiocin-binding site is located in domain 1 and can be divided into two distinct sites (Figure 3) . The lower binding site partially overlaps with the ATP-binding site, where the noviose moiety of novobiocin occupies the same site occupied by the adenine moiety of ATP. The upper binding site overlaps the binding site of the conserved tyrosine residue within the N-terminal region of the other protomer, occupied by coumarin and the hydroxyl benzoate isoprenyl moiety of novobiocin. In the dimeric structure of E. coli ParE in complex with ADPNP, the conserved tyrosine residue in the N-terminal region interacts with the bound ADPNP of the other protomer through the key hydrogen bond, which contributes to the stabilization of the dimer. These findings suggest that the antibacterial potency of novobiocin is a consequence of not only the direct inhibition of ATP binding, but also the prevention of ParE dimerization, which are essential for the catalytic activity of topoisomerase IV.
Crystals 2019, 9, x FOR PEER REVIEW 6 of 10 overlaps the binding site of the conserved tyrosine residue within the N-terminal region of the other protomer, occupied by coumarin and the hydroxyl benzoate isoprenyl moiety of novobiocin. In the dimeric structure of E. coli ParE in complex with ADPNP, the conserved tyrosine residue in the Nterminal region interacts with the bound ADPNP of the other protomer through the key hydrogen bond, which contributes to the stabilization of the dimer. These findings suggest that the antibacterial potency of novobiocin is a consequence of not only the direct inhibition of ATP binding, but also the prevention of ParE dimerization, which are essential for the catalytic activity of topoisomerase IV. The noviose moiety of novobiocin forms two hydrogen bonds with the side chain of Asp113 and the backbone oxygen atom of Asn86 (Figure 4a ). The side chains of Asn86, Met118, and Ile134 also interact with the moiety through VDW contacts. The coumarin ring moiety forms a hydrogen bond with Arg176 and VDW interaction with Pro119. The π-π stacking interaction between the coumarin ring and Arg116 would also contribute to the binding energy of the Xoo ParE-novobiocin complex. The hydroxyl benzoate isoprenyl moiety forms a hydrogen bond with Asp121 and hydrophobic interaction with Pro119 and Ile134. Although the binding of novobiocin does not change the overall structure of Xoo ParE, several residues adapt their side chain conformations for optimal interaction with novobiocin ( Figure 4b ). Asp121 changes its conformation to make a hydrogen bond with the The noviose moiety of novobiocin forms two hydrogen bonds with the side chain of Asp113 and the backbone oxygen atom of Asn86 ( Figure 4A ). The side chains of Asn86, Met118, and Ile134 also interact with the moiety through VDW contacts. The coumarin ring moiety forms a hydrogen bond with Arg176 and VDW interaction with Pro119. The π-π stacking interaction between the coumarin ring and Arg116 would also contribute to the binding energy of the Xoo ParE-novobiocin complex. The hydroxyl benzoate isoprenyl moiety forms a hydrogen bond with Asp121 and hydrophobic interaction with Pro119 and Ile134. Although the binding of novobiocin does not change the overall structure of Xoo ParE, several residues adapt their side chain conformations for optimal interaction with novobiocin ( Figure 4B ). Asp121 changes its conformation to make a hydrogen bond with the hydroxyl benzoate group, and Pro119 and Arg116 also change their conformation for more tight contacts with the coumarin moiety of novobiocin.
complex, but different from that in the S. aureus ParE-novobiocin complex (Figure 4c) [18, 19] . The hydroxyl benzoate group folds back onto the coumarin ring in the Xoo ParE-novobiocin and E. coli ParE-novobiocin complexes, whereas novobiocin in S. aureus ParE exhibits an extended conformation. Asp121 of Xoo ParE and Asp77 of E. coli ParE form hydrogen bonds with the hydroxyl benzoate group of novobiocin. However, the corresponding residue in S. aureus ParE is Gly84. Due to the lack of this hydrogen bond in the S. aureus ParE-novobiocin complex, the hydroxyl benzoate group could swing out to form the extended conformation. 
Discussion
Type II topoisomerases mediate the capture of the T-segment DNA and its passage through a transient break of the G-segment DNA using ATP hydrolysis. The mechanism of this molecular machine which arranges these processes, including ATP binding, hydrolysis, breakage and reunion of the G-segment DNA, transport of the T-segment DNA, and product release, is of key importance The binding mode of novobiocin to Xoo ParE is very similar to that in the E. coli ParE-novobiocin complex, but different from that in the S. aureus ParE-novobiocin complex ( Figure 4C) [18, 19] . The hydroxyl benzoate group folds back onto the coumarin ring in the Xoo ParE-novobiocin and E. coli ParE-novobiocin complexes, whereas novobiocin in S. aureus ParE exhibits an extended conformation. Asp121 of Xoo ParE and Asp77 of E. coli ParE form hydrogen bonds with the hydroxyl benzoate group of novobiocin. However, the corresponding residue in S. aureus ParE is Gly84. Due to the lack of this hydrogen bond in the S. aureus ParE-novobiocin complex, the hydroxyl benzoate group could swing out to form the extended conformation.
Type II topoisomerases mediate the capture of the T-segment DNA and its passage through a transient break of the G-segment DNA using ATP hydrolysis. The mechanism of this molecular machine which arranges these processes, including ATP binding, hydrolysis, breakage and reunion of the G-segment DNA, transport of the T-segment DNA, and product release, is of key importance in understanding the function of type II topoisomerases. Dimerization, mediated by the 43 kDa ATPase domain of ParE in the presence of ATP, was thought to be responsible for the conversion of the open hole into the closed hole that captures the T-segment DNA duplex through conformational changes within the domain. In the structure of Xoo ParE, the monomeric protein exhibited greater openness of domain 2 than other dimeric structures of ParE. As the 43 kDa ATPase domain of ParE is a truncated form without the C-terminal domain which is involved in the interaction with ParC subunit, the extent of openness of domain 2 may be different in full-length ParE proteins.
Aminocumarin antiboitics including novobiocin were unsuccessful in the clinic. The oral form of novobiocin has been withdrawn from the market due to lack of efficacy. However, the application of aminocumarins as pesticides against Xanthomonas oryzae pv. oryzae can be helpful to overcome bacterial blight in rice. The binding mode of novobiocin to Xoo ParE was different from that of S. aureus ParE due to the amino acid difference of the binding site. This difference of the binding mode can result in different potency of novobiocin to other bacteria. The enzyme assays for the inhibition of ATPase activities of topoisomerase IV of E. coli and S. aureus by novobiocin have shown the K i values of 0.160 µM and 0.900 µM, respectively, implying the compound is more potent in E. coli than S. aureus [28, 29] . The structure of the Xoo ParE-novobiocin complex presented here reveals the binding mode of novobiocin and, thus, can assist in the prospective design of novel inhibitors of Xoo ParE with improved safety and efficacy in future. 
